Hyperplasia of middle-ear mucosa (MEM) during otitis media (OM) is thought to be partially mediated by the actions of growth factors and their receptors. The intracellular pathway leading from the small G-protein Ras to the extracellular regulated kinases (Erks) often links growth factor stimulation to cellular proliferation. This study assessed whether this pathway is involved in MEM hyperplasia during bacterial OM via the activation of Erk1/Erk2 in MEM of an in vivo rat bacterial OM model. Activation was maximal at 1 and 6 h and at 1 week after introduction of bacteria into the middle ear. Additionally, an in vitro model of rat MEM in bacterial OM was treated with farnesyl transferase inhibitor 277 or the Mek inhibitor U0126. MEM explants treated with either inhibitor demonstrated significant suppression of bacterially induced growth. These data support a role for Ras and Erk signaling in MEM hyperplasia during bacterial OM.
may enable us to treat OM before such irreversible damage takes place.
In most complex organisms, growth of dividing cells is controlled, in part, by growth factors. Earlier investigations have suggested that growth factors, specifically the epidermal growth factor (EGF) and fibroblast growth factor (FGF) families, are involved in the proliferation of the MEM during OM [2, 3, [19] [20] [21] [22] . The EGF and FGF receptors are protein tyrosine kinases that contain an extracellular ligand-binding domain, a transmembrane domain, and a cytoplasmic portion. Ligand binding to the extracellular domain leads to receptor dimerization and phosphorylation that ultimately opens docking sites for adaptor proteins to the cytoplasmic portion of the receptor [23] . These adaptor proteins, with the aid of nucleotide exchange factors (GEFs), can convert guanine diphosphate (GDP)-Ras, a guanine-nucleotide binding protein, to active guanine triphosphate (GTP)-Ras, which controls intracellular signaling pathways that regulate diverse cellular functions, including growth and proliferation [24] . Overexpression of this protein even mimics the effects of continued activation of growth factor receptors such as FGFR, EGFR, and platelet-derived growth factor receptor [25, 26] .
GTP-Ras is believed to partially mediate cellular proliferation by activation of the downstream effector protein Raf (MAP kinase kinase kinase). Raf is the first of a cascade of downstream kinases that also includes Mek (MAP kinase kinase) and extracellular regulated kinase 1 (Erk1)/Erk2 (MAP kinase), respectively [27] . Once Erks are activated, they translocate to the nucleus and modulate gene expression [28] . Although Ras is a cytoplasmatic protein, interaction with cellmembrane lipids is required for its cellular activity. For Ras to be activated, a posttranslational farnesylation to the C-terminus, catalyzed by farnesyl transferase, must take place [29] . This farnesylation mobilizes GDP-Ras to the plasma membrane [30] . Receptor tyrosine kinase activation can then activate Ras to the GTP form by means of GEFs. Active farnesylated GTPRas is then free to bind to and translocate Raf to the plasma membrane and start the MAP kinase cascade leading to cellular proliferation. If cytoplasmatic Ras is not anchored to the plasma membrane, it can still be activated to its GTP form. This free cytoplasmatic GTP-Ras can still bind the Raf protein, forming inactive Ras/Raf complexes. These complexes disrupt the activation of all Ras-specific downstream effector pathways, including the Ras/Erk signaling cascade [31] .
The Ras/Erk intracellular pathway, in conjunction with growth factor tyrosine kinase receptors, has been shown to influence epithelial cellular proliferation in other tissue systems [26, 32, 33] . Therefore, it is likely that this same pathway may be linked to the effectiveness of the growth factors responsible for the hyperplastic response of the MEM during bacterial OM. For this reason, we developed an in vitro model of bacterially induced hyperplasia in rat MEM. Farnesyl transferase inhibitor (FTI)-277 and the Mek/Erk inhibitor U0126 were used to explore the role of Ras in mediating cellular growth and proliferation in this hyperplastic and in a nonhyperplastic in vitro mucosal model. We also evaluated the activation of Erk1 and Erk2 at 7 postinfection time points in an established rat in vivo model of bacterial OM [8, 34, 35] . The combined data from our study provide information about the role played by Ras and Erks in the hyperplastic response of the MEM during bacterial OM.
Materials and Methods
Hyperplastic middle ear mucosa in vitro model. Sixteen male Sprague-Dawley rats weighing 300-350 g were anesthetized with a mixture of ketamine and xylazine at 100 mg/mL and acepromazine at 10 mg/mL, injected intramuscularly at a dose of 0.4 mL/100 g. On sedation, the animals were placed in the supine position and their bodies stabilized with masking tape. A 3-cm, vertical, midline incision was made between the animal's mandible and clavicles, and middleear bullae exposure was obtained bilaterally with the aid of a dissecting microscope. A 25-gauge syringe needle was used to fenestrate the center of the middle-ear bullae bilaterally. A solution containing 10 5 Haemophilus influenzae strain 3655 (nontypeable, biotype II) cells/ mL was then injected bilaterally into the middle-ear bullae until the solution overflowed the fenestrations. Excess fluid was absorbed with a cotton swab. The original fascia covering the middle-ear bulla was then used to recover the hole in the bone, and the incisions were stapled closed. Each animal was examined to guarantee that their tympanic membranes had not been ruptured. The rats were divided into 4 groups of 4 animals each. Each group was anesthetized and killed by decapitation at 1 of 4 time points. The time points included 6, 24, 48, and 120 h after inoculation. After each group of animals was killed, the middle-ear bullae were surgically extracted. The bullae were immediately opened and placed in a Petri dish containing warm PBS. The MEMs were surgically removed intact from the anteriolateral part of the bullae. Each MEM sample was immediately placed in a separate 60-mm Falcon petri dish coated with a thin layer of Sylgard 184 silicone elastomer (Dow Corning). Culture medium, consisting of a mixture of Dulbecco's modified Eagle's medium and Ham's F12 medium (3:1) supplemented with fetal calf serum (5%), hydrocortisone (0.4 mg/mL), isoproterenol (10 Ϫ6 M), penicillin (100 U/mL), and streptomycin (100 mg/mL), was then added [22] . The MEMs were divided into ∼1-mm 2 tissue explants, using a Fine Science Tools diamond knife. The explants from each bulla were then individually transplanted, epithelium uppermost, into single wells of a 24-well Falcon cell culture plate containing 170 mL of culture medium. They were placed in an incubator at 37ЊC with 5% CO 2 for 24 h and allowed to adhere to the culture plate surface. After 24 h, 500 mL of culture medium was added to each well, and the plates were replaced in the incubator for 72 h. On day 4, each well was individually examined with a microscope under 40ϫ magnification. The culture medium was changed in all wells with healthy, attached explants, and the plates were replaced in the incubator. On day 8, the medium was changed once again. The middle-ear bullae from an additional 4 uninfected rats were dissected and treated in the manner described above, to serve as a negative control.
The tissue explants were immunohistochemically stained with an anti-5-bromo-2-deoxyuridine (BrdU) primary antibody (Sigma-Aldrich) followed by a biotinylated secondary antibody (Santa Cruz Biotechnologies). After the appropriate biotin and avidin blocks, the cultures were treated with a fluorescein isothiocyanate (FITC)-labeled strepavidin (DAKO). Each well was then photographed with a green flourescent protien (GFP) filter.
Only explants that maintained a healthy appearance and remained firmly attached to the well surface throughout the entire duration of the study were used. For each time point, 8-18 explants were photographed each day, for 10 days, with the aid of a Leica dissecting microscope at 2.64ϫ magnification under standard exposure conditions. Because the outgrowth from each explant was approximately circular, the diameter of the outgrowths was measured and their surface areas were calculated to document tissue explant growth. The data were entered into Statview 5.0, and an analysis of variance (ANOVA) was run.
was considered to P ! .05 be statistically significant.
Treatment with Ras inhibitor FTI-277 and Mek/Erk inhibitor U0126.
The bullae of 6 male Sprague-Dawley rats weighing 300-350 g were injected with H. influenzae strain 3655 (nontypeable, biotype II) at 10 5 cells/mL in the manner described above. After 48 h, the rats were killed, and the MEM were dissected, cut into 1-mm 2 explants, and cultured as described above. On day 1, all wells with healthy, attached explants were randomly divided into 4 groups. The Ras inhibitor FTI-277 (Calbiochem) was reconstituted in DMSO (Sigma-Aldrich) and added, at 1, 10, or 20 mM, respectively, in 300 mL of culture medium. The last group served as a negative control; a supplement of 1 mL/mL of DMSO alone was added to the medium. The same concentration of DMSO was used for all concentrations of FTI-277. Every day, all of the medium from each well was removed, and 300 mL of fresh culture medium was added with the appropriate concentration of FTI-277 and/or DMSO. One-half the explants from each group were also treated with BrdU every day for the entire duration of the experiment. The other half from each group was daily treated with BrdU, starting on day 6 of the experiment. All explants were maintained in culture for 10 days. Using the same procedures, explants were cultured with the Mek inhibitor U0126 (Calbiochem) at 10, 100, and 1000 nM.
For each individual inhibitor concentration, 6-10 explants were photographed daily with an RT color digital camera and their surface areas were calculated using SPOT computer software calibrated to the appropriate magnification. The data were entered into Statview 5.0, and an ANOVA was run. The tissue explants were also immunohistochemically stained with an anti-BrdU primary antibody. The cultures were then treated with a biotinylated secondary antibody. After the appropriate biotin and avidin blocks, the cultures were treated with an FITC-labeled strepavidin. Each well was then photographed again under varying magnifications with a GFP-2 fluorescent filter.
Inhibition of nonhyperplastic mucosae with FTI-277 and U0126. The MEMs of 12 male Sprague-Dawley rats that had not been infected with H. influenzae were dissected, divided, and cultured in the manner described above. The explants were divided into 7 groups. One group each was cultured with 10 and 20 mM FTI-277 and 10, 100, and 1000 nM U0126. Two groups were cultured with 1 mL/mL DMSO, the same concentration of DMSO used for all concentrations of the inhibitors, as control specimens. The cultured tissue was cared for and photographed as described above for 10 days. For each individual inhibitor, 10-14 explants were evaluated. Because the effects of the inhibitors did not appear to differ across the 10-day period studied in our experimental cultures, growth was evaluated on only a subset of culture intervals: explant outgrowth surface areas were measured from the photographs on days 1, 3, 7, and 10. An ANOVA was run.
Assessment of ERK phosphorylation. The bullae of 21 male Sprague-Dawley rats weighing 300-350 g were injected with H. influenzae strain 3655 (nontypeable, biotype II) at 10 5 cells/mL in the manner described above. The MEMs were dissected bilaterally from 3 rats at 1 of 7 time points. The time points were 1, 6, 24, 48, and 72 h and 6 and 7 days after infection. These times were chosen on the basis of the results of Magnuson et al. [8] , who found that mucosal hyperplasia was maximal at 4 days and had partially recovered by 8 days after inoculation of the middle-ear with H. influenzae . The MEMs from 3 control rats were also dissected bilaterally. All the MEMs were immediately frozen at Ϫ70ЊC.
The frozen tissue was homogenized in 100 mL of radioimmunoprecipitation buffer that contained 20 mM Tris (pH 7.5), 1 mM EDTA, 140 mM NaCl, 1% Nonidet P-40, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 50 mM sodium fluoride, and 10 mg/mL aprotinin, using a Potter-Elvhejlm homogenizer. The homogenates were centrifuged at 14,000 g at 4ЊC, and the pellets were discarded. Twenty-five micrograms of protein from each sample were mixed with 2ϫ SDS sample buffer. The samples were boiled, and the proteins were resolved on 10% SDS-polyacrylamide gel electrophoresis. After being transferred to polyvinylidine fluoride paper, the proteins were immunoblotted with rabbit polyclonal antibodies to active Erk (Promega). The anti-active Erk antibody was generated using a dual phosphorylated peptide derived from the catalytic region of MAP kinase, corresponding to Thr183 and Tyr185 of the mammalian Erk2 enzyme and used at a dilution of 1:20,000. After incubation with secondary horseradish peroxidase-conjugated anti-rabbit antibodies, the proteins were visualized by enhanced chemiluminescence (Pierce). The blot was stripped and reprobed with anti-total Erk antibody (Promega) and then restripped and probed with an anti-p38 antibody (Promega).
Measurement of lactate dehyrdogenase (LDH) release after treatment with maximum doses of FTI-277 and U0126
. MEM explants of 2 male Sprague-Dawley rats were cultured 48 h after injections with H. influenzae. Three groups of 10 explants each were treated with DMSO, 10 mM FTI-277, or 1000 nM U0126 for 10 days, with daily media change. The medium was collected from each explant on days 1, 3, 7, and 10. Percentage cytotoxicity was then measured using the CytoTox 96 Non-Radioactive Cytotoxicity Assay kit (Promega), and the absorbance was recorded at 490 nm.
Expression of Ras isoforms in hyperplastic MEM. The bullae of 2 male Sprague-Dawley rats weighing 300-350 g were injected with H. influenzae strain 3655 (nontypeable, biotype II) at 10 5 cells/ mL in the manner described above. After 48 h, the middle-ear bullae were surgically extracted bilaterally from each animal. The bullae were immediately opened and placed in a petri dish containing warm PBS. The MEMs were surgically removed intact from the anteriolateral bullae. Each MEM sample was immediately placed in a 1.5-mL eppendorf tube and stored at Ϫ70ЊC.
The MEMs were homogenized, and reverse-transcriptase polymerase chain reaction (RT-PCR) was performed using Dynabeads Oligo (dT) 25 (Dynal). The resulting cDNA was used for PCRs with 3 different primer sets (Oligos) corresponding to the different isoforms of rat Ras: H-Ras, N-Ras, and K-Ras. The size of the PCR products was then analyzed by means of agarose gel electrophoresis.
Results
Appearance of mucosa in situ in the middle ear. Before dissection into explants, the extracted MEMs were examined under a dissecting microscope. On extraction from the bullae, the MEMs were progressively thicker as the bacterial exposure in vivo increased. Six hours after infection, the MEMs were comparable in thickness and behavior during dissection to the neg- ative control specimens. At 24 h, the MEMs were thicker, and they tolerated manipulation better than the negative control specimens. This was also the case at 48 h. However, beyond 48 h, there appeared to be an increase in the fragility of the tissue. At 72 h, mucosal thickening had not changed but the ability of the tissue to tolerate manipulation was low, and intact explants could not be obtained. The thickness at 120 h was less than that at 48 h. The tissue was fragile, but intact explants could be obtained with some difficulty.
In vitro MEM hyperplasia. The growth and appearance of cultured mucosal explants from uninfected middle ears were similar to that described elsewhere [19] . The explants contained both epithelial and underlying stromal cells. However, the culture conditions favored the growth of epithelial cells. In our previous study, when explants were stained with antibodies specific for epithelial cytokeratins, almost all cells were labeled [19] . Bacterial infection of the middle ear substantially altered the growth of mucosal explants. Figure 1 illustrates the average surface area of the cultured MEM samples for the 4 H. influenzae, in vivo, exposure time points, and the negative control. When cultured in vitro, tissue explants exposed to bacteria in vivo for 48 h had the greatest hyperplastic response in comparison to the negative control. Tissue explants cultured after 120 h also displayed a significant increase in surface area compared with the negative control, but the increase was not as extensive as that at 48 h.
BrdU. The explants treated with BrdU for the duration of the study demonstrated BrdU-positive staining throughout the entire outgrowth. The majority of tissue explants treated with BrdU starting on day 6 also demonstrated BrdU-positive nuclei uniformly throughout the outgrowth, similar to the explants treated with BrdU starting from day 1. The results are shown in figure 2 . Figure 3 illustrates the effects of the Ras farnesylation inhibitor FTI-277 and the Erk inhibitor U0126 on the surface area of the cultured hyperplastic MEM explants. All examined explants maintained a healthy appearance and remained firmly attached to the plate surface throughout the entire duration of the study. As illustrated in figure 3A , FTI-277 at 1 mM did not have a significant inhibitory effect ( ) on P ! .2564 tissue outgrowth. By day 10 of the study, FTI-277 at 10 mM had a significant inhibitory effect ( ), decreasing outgrowth P ! .0001 surface area by 75%, compared with the negative control specimens. FTI-277 at 20 mM had a similar effect ( ), de-P ! .0001 creasing outgrowth surface area by 74%, compared with the negative control specimens. However, when compared with each other, there was no significant difference between explant outgrowths treated with 10 and 20 mM FTI-277. As shown in figure 3B, no inhibition by U0126 was observed at 10 nM and 100 nM ( and , respectively). However, 1000 nM P ! .3201 P ! .9864 U0126 decreased outgrowth surface area by 45% ( ). P ! .0001 Figure 4 illustrates the effects of FTI-277 and U0126 on the surface area of the cultured nonhyperplastic MEM explants. By day 10, FTI-277 at 10 mM had a significant inhibitory effect ( ), decreasing tissue out-P ! .0002 growth by 29%, compared with the negative control specimens. FTI-277 at 20 mM also had an inhibitory effect ( ), P ! .0001 decreasing outgrowth surface area by 38%, compared with the negative control specimens. Compared with each other, there was no significant difference between explant outgrowths treated with 10 and 20 mM FTI-277 ( figure 4A ). All concentrations of U0126 resulted in significant inhibition of explant outgrowth (34%, 50%, and 59%;
Ras inhibition with FTI-277 and Mek inhibition with U0126 in hyperplastic MEMs.

Ras inhibition with FTI-277 and Mek inhibition with U0126 in nonhyperplastic MEMs.
; figure 4B ). P ! .0001 Measurement of LDH release after treatment with FTI-277 and U0126. All the explants treated with maximum doses of the inhibitors showed no significant LDH release in the media. A very low percentage of cytotoxicity was measured for treatment of MEM with DMSO, FTI-277, or U0126 (1.42%, 2.62%, and 3.77%), compared with the positive control (bovine heart LDH) provided by the Promega kit.
Activated Erks in hyperplastic tissue. Figure 5 demonstrates the presence of activated Erk1 and Erk2 in the hyperplastic MEM at various time points. There was an increase in activated Erk1 and Erk2 at 1 and 6 h after infection. The level of Erk1 and Erk2 activation then decreased to that of the negative control during the 24-72-h time points. On days 6 and 7, there was a reelevation of Erk1 and Erk2 activation. Total Erk also showed a decrease between 6 and 72 h after bacterial inoculation. The level of total p38 did not change over the time course tested (data not shown).
Expression of Ras isoforms in hyperplastic MEM. PCR products of the appropriate size for all 3 isoforms of Ras were amplified from MEM. H-Ras primers amplified a 392-bp product, K-Ras primers gave a band at 285 bp, and N-Ras primers produced a band at 287 bp (figure 6).
Discussion
The results of the present study support a role for intracellular signaling pathways related to Ras and Erk in MEM hyperplasia. MEMs challenged in vivo with H. influenzae demonstrated elevated levels of activated Erk1/Erk2 at specific postinfection time points. Likewise, inhibition of Ras signaling, using the farnesyl transferase inhibitor FTI-277, or Erk, using U0126, produced a dose-dependent inhibitory effect on the growth of hyperplastic MEM cells in vitro. FTI-277 also caused a significant inhibitory response on tissue outgrowths of nonhyperplastic MEM in vitro; however, this response was not nearly as extensive as in the hyperplastic tissue. In contrast U0126 showed comparable results on nonhyperplastic and hyperplastic MEMs. The temporal relationship between Erk activation and FTI-277 and U0126 inhibition suggests a complex interaction between Erk and Ras signaling during bacterial OM.
The degree of mucosal growth in vitro was dependent on the postinfection time of the tissue harvested in vivo ( figure 1) . When harvested at 48 h after infection, the MEM was in the most active state of growth in vitro. For several days, these explants continued to grow at a significantly higher rate than did control tissue and explants harvested at all other postinfection time points. This is consistent with in vivo observations that mucosal hyperplasia is maximal 48-72 h after initiation of experimental OM [4, 8, 36] . The resistance of the tissue to handling also changed over time, with increased fragility peaking at 96 h. This response does not appear to reflect loss of the mucosal epithelium. Magnuson et al. [8] found that the mucosa was thickest at this time point, with several additional layers of epithelial cells. It is possible that this fragility reflects edema and changes in intercellular connections. Both edema and leukocyte extravasation between mucosa cells occur at this time period [8, 11] . With respect to tissue growth, BrdU labeling (figure 2) indicated that the expansion of the explants in culture is a hyperplastic response that consists of both cellular growth and proliferation, as opposed to migration of cells from the original explanted tissue. This hyperplastic response of the MEM appears to be partially dependent on Ras signaling.
Ras is an important link that connects growth factor receptors to the intracellular signal transduction responsible for cell growth and proliferation [37] . Ras activity increases during the proliferation of many cell types [38] , whereas inhibition of Ras decreases proliferation and growth [25, 39] . For example, increased Ras processing has been documented in proliferating hepatocytes after partial hepatectomy or after phenobarbital-induced mitogenic liver hyperplasia [40] . Likewise, inhibition of Ras processing has been shown to suppress growth of actively dividing tumor cells from a wide variety of human tissues [41] . Ras farnesylation is required for its transforming activity and takes place on the last 4 aa from the C-terminal end of the protein. The C-terminus consists of a cystine, 2 aliphatic amino acids, and one additional residue. Together, this is known as the CAAX box [25] . The farnesylation inhibitor FTI-277 is a CAAX box peptidomimetic that competes for farnesyl transferase and suppresses the farnesylation and integration of Ras into the cell membrane. Although the non-cell-permeable form of FTI-277, FTI-276, has been shown to inhibit geranyl-geranyl-transferase at high concentrations, FTI-277 is considered a selective inhibitor of farnesyl transferase, because the inhibition of geranylgeranylated Rap1A by FTI-277 does not occur at concentrations р10 mM [30] . The intracellular pathways affected by FTI-277 become less defined at concentrations 110 mM. Of course, as is the case with all inhibitors, it is possible that FTI-277 at various concentrations may inhibit other signaling cascades that have not yet been characterized.
The effects of FTI-277 on the growth of cultured hyperplastic and nonhyperplastic MEMs are shown in figures 3 and 4, respectively. Although no significant inhibition of growth occurred at an FTI-277 concentration of 1 mM, both the hyperplastic and nonhyperplastic tissue demonstrated an inhibitory response at 10 and 20 mM FTI-277, with no significant difference in tissue response between these 2 concentrations. This suggests that growth inhibition was saturated at 10 mM. However, as a percentage of the controls, inhibition of hyperplastic mucosal outgrowth was 2-3 times that of the nonhyperplastic tissue (figures 3 and 4), which suggests that Ras activation is more important during mucosal hyperplasia than during unstimulated mucosal proliferation. This point is further emphasized by the observation that FTI-277 at 10 and 20 mM reduced the growth of the bacterially stimulated mucosa to less than that of the nonhyperplastic negative control specimens (figures 3 and 4). This suggests that Ras inhibition essentially eliminated the bacterially-induced mucosal hyperplasia.
The above data have implications for the specific Ras isoform that is predominant in MEM hyperplasia. To date, 3 isoforms (H, K, and N) of Ras have been described in mammalian cells [42] . Our PCR data suggest that all are present in the middle ear. The farnesyl transferase inhibitor FTI-277 has a dose-de-pendent specificity for the 3 different Ras isoforms. Lerner et al. [43] found that H-Ras processing is inhibited at concentrations as low as 10 nM and is impeded 95% at 3 mM. N-Ras processing can be completely suppressed at FTI-277 concentrations as low as 5 mM. Inhibition of K-Ras processing, however, requires an FTI-277 concentration of at least 10 mM [30, 43] . In the present study, there was no significant difference between the control explants and those treated with FTI-277 at 1 mM ( figure  3A) , a concentration that Lerner et al. [43] found to be more than sufficient to inhibit H-Ras. This suggests that K-Ras and/ or N-Ras are the predominant isoforms involved in the hyperplastic response of bacterially stimulated MEM in vitro.
Effector molecules downstream of Ras via the Raf/Mek pathway are the Erks. These MAP kinases have been shown to participate in cellular proliferation during gastrointestinal mucosal regeneration and wound repair [33, 44] . Phosphorylated Erk1 and Erk2 were present in the hyperplastic MEMs examined in the present study ( figure 5 ) and therefore may be responsible for hyperplasia of the MEM. The extent of the Erk phosphorylation should reflect the level of activation, which was dependent on the length of in vivo exposure to H. influenzae. The strongest phosphorylation of Erk1 and Erk2 was observed at 1 and 6 h and at 6 and 7 days, suggesting that Erk1 and Erk2 are involved in the MEM response during bacterial OM.
Inhibition by U0126 significantly reduced mucosal hyperplasia, which also supports a role for Erks. However, it should be noted that U0126 had a similar effect on the growth of both normal and bacterially exposed MEMs. Thus, the additional growth caused by bacterial exposure may be less dependent on Erk than on Ras.
Moreover, a comparison of FTI-277 and U0126 inhibition with Erk phosphorylation also suggests that the Ras/Raf/Mek/ Erk intracellular pathway may not be responsible for mediating all of the mucosal growth and hyperproliferation suppressed by FTI-277 in culture. The most active growth of the explants was observed at 48 h after infection. This growth was significantly inhibited by FTI-277, suggesting active Ras processing at this time point. In vivo, however, phosphorylated Erk1 and Erk2 were maximally elevated at 1 and 6 h and then again at 6 and 7 days after infection (figure 5). Little activation of Erks was documented at 48 h, where maximal tissue growth was observed in culture ( figure 1 ). This lack of phosphorylated Erk was at least partially due to a change in total Erk at these times. This change was specific to the Erks, because p38 remained constant. Moreover, although U0126 decreased mucosal growth in culture, the effects on bacterially exposed mucosa are not substantially greater than those seen in normal mucosa. The disparity between Ras inhibition and Erk inhibition/activation may be related to the varying functional roles of different Ras isoforms. Previous studies have documented a strong relationship between the processing of H-and N-Ras and the activation of Erks [45] [46] [47] . In contrast, K-Ras processing is not as strongly associated with Erk activation [48] . This is consistent with our data, which suggest a role for K-Ras, acting through an Erk-independent pathway, in maintaining the MEM hyperplasia observed in culture. Ras is known to activate downstream pathways other than the Erks, including p120 Ras GAP [49] , GEFs for Ral [50] , AFG/Canoe [51, 52] , RIN1 [53] , p38 [54] , and phosphatidylinositol 3-kinase (PI3K) [55] . PI3K activation has specifically been linked to the K-Ras isoform [56] . This or other alternate pathways could be involved in MEM hyperplasia. Further investigations will be required to identify the most critical pathways.
Although the present study does not support a dominant role for Erks in the maintenance of bacterially induced mucosal hyperplasia in the 48-h explants, our data by no means exclude them from participation in MEM hyperplasia. Previous studies, in other tissue systems, have demonstrated that the Erk pathway can be critically involved, not only in cellular growth and proliferation, but also in cellular differentiation and senescence. Transient Erk signaling has been shown to be required for proliferation in some cells, but a strong, sustained signal can lead to cell cycle arrest and apoptosis [57] [58] [59] [60] . This characteristic of the Erks, in combination with the effects of U0126 and the elevated Erk phosphorylation shown in figure 5 , suggest a possible role for the Erk pathway in both the initiation and the resolution of MEM hyperplasia. Magnuson et al. [8] and others [4, 36] have found that MEM proliferation begins ∼24 h after the initiation of OM and reaches a maximum at 3-4 days, whereas substantial recovery from hyperplasia occurs by 8 days after inoculation. In the present study, activated Erk1 and Erk2 were significantly elevated at 1-6 h after inoculation, prior to tissue proliferation, followed by a steep decrease. This transient Erk activation might contribute to the initiation of mucosal hyperplasia. Erk phosphorylation was not significantly elevated at 24, 48, and 72 h after innoculation, compared with control MEMs. However, high levels of Erk phosphorylation reoccurred on days 6 and 7, a time point at which OM is beginning to resolve. Sustained reactivation of the Erks at 1 week after infection could contribute to cell cycle arrest and, ultimately, to the resolution of tissue hyperplasia. Erk activation may thus be one of the regulatory pathways involved in returning the MEM to a resting state after the resolution of infection. Of course, the results obtained in in vitro models must be interpreted with caution. The more dynamic situation that occurs in vivo undoubtedly includes events that were not present in our model.
The results of the present study support the involvement of both Ras and the Erks in MEM hyperplasia and may possibly be relevant to treatment of OM. However, the timing of any potential intervention in signaling would be critical. Early application of inhibitors that suppress Ras and/or Erk activation may reduce hyperplasia in the middle ear, decreasing the severity and morbidity of OM. However, introducing inhibitors during the latter stages of infection might interfere with tissue recovery and exacerbate the damage caused by OM. Additionally, even at saturating levels of FTI-277, some mucosal growth still occurred ( figure 3A) . This suggests the involvement of alternative pathways independent of Ras in MEM hyperplasia and suggests the need for multiple inhibitors to completely block the middleear hyperplastic response. A better understanding of which pathways are involved during specific postinfection time points will provide knowledge about the intracellular mechanisms on which to focus potential interventions.
